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What happens when you heat and compress matter 
to very high temperatures and densities?

2

This talk focusses on 
what we learned at 
RHIC and the LHC 

from anisotropic flow

high-pt physics in the next talk of B. Wyslouch 



QCD on the Lattice
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F. Karsch, E. Laermann and A. Peikert,  PLB  
478 (2000) 447

TC ~ 170 ± 20 MeV,  εC ~ 0.6 GeV/fm3

at the critical temperature a 
strong increase in the 
degrees of freedom

✓ gluons, quarks & color!

at the phase transition dp/dε 
decreases rapidly 

not an ideal massless gas!

what are the transport 
properties?
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study phase transition in controlled lab conditions by colliding heavy-ions



Collision Centrality
spectators
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very hot and dense nuclear matter in more 
central collisions while we approach 

“simple” nucleon-nucleon collisions in very 
peripheral collisions
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The Reaction Plane
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• in non central collisions coordinate 
space configuration is anisotropic 
(almond shape). However, initial 
momentum distribution isotropic 
(spherically symmetric)

• interactions among constituents 
generate a pressure gradient which 
transforms the initial coordinate space 
anisotropy into the observed 
momentum space anisotropy → 
anisotropic flow

• self-quenching → sensitive to early 
stage

� =
⇥y2 � x2⇤
⇥y2 + x2⇤

v2 = �cos 2�⇥

Elliptic Flow
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Elliptic Flow
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Elliptic flow v2 depends on fluid 
properties: the EoS via            , 
shear viscosity over entropy 
ratio η/s but also on: initial 
conditions: particular initial 
spatial eccentricity ε2
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Elliptic Flow at RHIC
for an ideal gas the elliptic 
flow would be almost zero 
while the observed elliptic 
flow is large

ideal hydro (η/s=0) predicts 
the v2 magnitude for more 
central collisions 

system behaves like an an 
almost ideal liquid, not an 
ideal gas!
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6/3/11 17:41 Early Universe was a liquid : Nature News

Page 1 of 2http://www.nature.com/news/2005/050418/full/news050418-5.html

© RHIC/BN

Quarks and gluons have
formed a unexpected
liquid. Click here to see
animation.

“It's as much a
fluid as the water
in this glass.”

Published online 19 April 2005 | Nature | doi:10.1038/news050418-5

News

Early Universe was a liquid

Quark-gluon blob surprises particle physicists.

Mark Peplow

The Universe consisted of a perfect liquid in its first moments,
according to results from an atom-smashing experiment.

Scientists at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory on Long Island, New York, have
spent five years searching for the quark-gluon plasma that is
thought to have filled our Universe in the first microseconds of its
existence. Most of them are now convinced they have found it. But,
strangely, it seems to be a liquid rather than the expected hot gas.

Quarks are the building blocks of protons and neutrons, and gluons
carry the strong force that binds them together. It is thought that
these particles took some moments to condense into ordinary
matter after the intense heat of the Big Bang.

To recreate this soup of unbound particles, the RHIC accelerates
charged gold atoms close to the speed of light before smashing them
together. Previous experiments have shown that these collisions create
something the size of an atomic nucleus that reaches 2 trillion degrees
Celsius, about 150,000 times hotter than the centre of the Sun.

"This stuff was last seen in the Universe 13 billion years ago," says Sam Aronson, a director of
high energy research at Brookhaven.

Now experiments have revealed that this hot blob is a liquid, which lives for just 10-23 seconds.
"This was completely unexpected," says Wit Busza of the Massachusetts Institute of Technology,
one of the team of researchers who reported their discovery on 18 April at the American
Physical Society conference in Tampa, Florida.

Hot water

"The surprising thing is that the interaction between the quarks and gluons is much stronger
than people expected," says Dmitri Kharzeev, a theoretical physicist at Brookhaven. The
strength of this binding keeps the mixture liquefied despite its incredible temperature. "It's as
much a fluid as the water in this glass," Kharzeev says, pointing to his drink.
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 People like me, who use
model calculations, are
already so excited about the
data because we believe they
have actually found the
elusive state known as the
quark-gluon plasma 
Asst Prof Steffen Bass, Duke
University

The impression is of matter that is
more strongly interacting than
predicted
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Early Universe was 'liquid-like'
Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an
almost perfect "liquid".

The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published
across a number of papers in
the journal Nuclear Physics A.

They summarise the work of
four collaborative experiments
- dubbed Brahms, Phenix,
Phobos and Star - which have been running on Brookhaven's
Relativistic Heavy Ion Collider (RHIC).

First moments

Already, the results have caused quite a stir in the research
community.

"The experimental collaborations are still taking a cautious
approach whereas people like me, who use model
calculations, are already so excited about the data because
we believe they have actually found the elusive state known
as the quark-gluon plasma," commented theoretical nuclear
physicist Steffen Bass from Duke University.

The QGP is the state postulated to be present just a few
millionths of a second after the creation of the Universe -
before the formation of matter as we know it today.

To create the ultra-hot, ultra-
dense conditions seen in
Brookhaven's RHIC, gold ions
were fired at each other at
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Cosmic particle accelerator seen 
08 Apr 05 |  Science/Nature
Cern tunnel machine gets key part
07 Mar 05 |  Science/Nature
Lab fireball 'may be black hole' 
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Densest matter created 
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from AdS/CFT to cold atoms

RHIC Scientists Serve Up “Perfect” Liquid
New state of matter more remarkable than predicted -- 
raising many new questions
April 18, 2005



η/s?
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• good fluids in nature have 
a kinematic viscosity η/s 
of order ħ/kB

• calculable in perturbative 
QCD: η/s ~ 1/g4 ln(1/g)

• calculable in a N=4 Super 
Yang Mills theory with 
large number of colors 
using a gauge gravity 
duality

• η/s = ħ/4πk

“The Illusion of Gravity” J. Maldacena 

A test of this prediction comes from 
the Relativistic  Heavy Ion Collider 
(RHIC) at Brookhaven National 
Laboratory, which has been colliding 
gold nuclei at very high energies. A 
preliminary analysis of these 
experiments indicates the collisions 
are creating a fluid with very low 
viscosity. Even though Son and his 
co-workers studied a simplified 
version of chromodynamics, they 
seem to have come up with a 
property that is shared by the real 
world. Does this mean that RHIC is 
creating small five-dimensional black 
holes? It is really too early to tell, 
both experimentally and theoretically. 
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The Perfect Liquid?
model calculations suggest 
that the RHIC v2 results 
are close to the ideal 
hydrodynamical limit.

these calculations place an 
upper limit on η/s which is 
smaller than ~ 4 x AdS/
CFT bound

main uncertainties on η/s 
due to uncertainties in the 
initial conditions and the 
unknown dependence of 
η/s versus temperature

Based on R. Lacey et al., Phys.Rev.Lett.98:092301,2007.
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?

What to expect at 
the LHC: still the 

perfect liquid or are 
we approaching the 
viscous ideal gas? 

Can we get better 
constraints on η/s 
(constrain initial 
conditions and 
temperature 

dependence of η/s)?
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The Perfect Liquid?
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The Perfect Liquid

The system produced at the LHC behaves as a very low 
viscosity fluid (a perfect fluid), constraints dependence of η/s 
versus temperature

K
. A

am
od

t e
t a

l. 
(A

LI
CE

 C
ol

la
bo

ra
tio

n)
 

PR
L 

10
5,

 2
52

30
2 

(2
01

0)

 (GeV)NNs

1 10 210 310 410

2v

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

ALICE
STAR
PHOBOS
PHENIX
NA49
CERES
E877
EOS
E895
FOPI



15

v2 as function of pt

Elliptic flow as function of transverse momentum 
does not change much from RHIC to LHC 
energies, can we understand that from hydro?
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v2 for identified particles
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Better constraints on η/s 
(understanding the initial conditions) 

17

partN
0 50 100 150 200 250 300 350 400

2v

0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2

hydro+cascade, CGC

hydro+cascade, Glauber

PHOBOS(hit)

PHOBOS(track)

partN
0 50 100 150 200 250 300 350 400

ec
ce
nt
ric
ity

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8  scalingpartN
 scalingcollN

)sαKLN (running 
KLN

)sα(runningγ(KLN)
γ(KLN)

DHJ Dipole

T. Hirano et al., Phys. Lett. B 636 299 (2006)
T. Hirano et al., J.Phys.G34:S879-882,2007H-J. Drescher et al., Phys.Rev.C74:044905,2006

• Estimates of the eccentricity vary significantly ~ 30%!

• Leads to large uncertainty in estimate of η/s
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Flow Fluctuations
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v2 Fluctuations

behavior as expected when  correlations are dominated by 
collective flow (difference between two- and multi-particle 

estimates mainly due to e-by-e fluctuations in the flow 

centrality percentile
0 10 20 30 40 50 60 70 80

2v

0

0.05

0.1

 = 2.76 TeVNNsALICE Preliminary, Pb-Pb events at  

 (charged hadrons)2v
 > 0)ηΔ ({2}2v
 > 1)ηΔ ({2}2v

{4}2v
{6}2v
{8}2v

23

Centrality (%)
0 10 20 30 40 50 60 70 80 90

2v

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16  = 2.76 TeVNNsCMS Preliminary  PbPb  

 {EP}2v
{2}2v
{4}2v

 {LYZ}2v

|<0.8η<3.0,  |
T

0.3<p

Centrality (%)
0 10 20 30 40 50 60 70 80 90

(E
P)

2
/v 2v

0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3

Figure 8: Top panel: Integrated v2 as a function of centrality at mid-rapidity |h| < 0.8 for the
four methods. Bottom panel: Comparisons of results: the values from three of the methods
are divided by the results from the event plane method. The error bars show the statistical
uncertainties only.

C
M

S PA
S H

IN
-10-002



v2 Fluctuations
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Fluctuations are significant and are for more central 
collisions not in agreement with the eccentricity 
fluctuations in MC-Glauber and MC-KLN CGC
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Anisotropic Flow vn
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initial spatial geometry not a smooth almond event-by-event (for which 
all odd harmonics and sin n(Φ-ψR) are zero due to symmetry)
may give rise to higher odd harmonics and symmetry planes in 

momentum space (detailed probes of initial conditions)
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Shear Viscosity
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Larger η/s clearly smoothes the 
distributions and suppresses 
the higher harmonics (e.g. v3)
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the vn’s

ALICE Collaboration, arXiv:1105.3865 
PRL 107 (2011) 032301

The v3 with respect to the 
reaction plane determined in 
the ZDC and with the v2 
participant plane is consistent 
with zero as expected if v3 is 
due to fluctuations of the initial 
eccentricity

The v3{2} is about two times 
larger than v3{4} which is also 
consistent with expectations 
based on initial eccentricity 
fluctuations centrality percentile
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Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
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We observe significant v3 and v4 which compared to v2 has a different 
centrality dependence (already strong constrain for η/s)
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the vn’s

For most central collisions v3 and 
v4 become at intermediate pt 
larger than v2

5.3 pT and Npart dependence of v4/[v2]2 15

bin, as was done for v2 [12]. The v3 value increases slowly from central to peripheral collisions,
saturates at around Npart ⇡ 100, then decreases slightly. In contrast, v2 increases very rapidly
with centrality and saturates at approximately the same Npart as v2. The v4 coefficient also
exhibits a strong dependence on centrality as v2, and this is compatible with the view that v4 is
mainly induced by v2 [24]. The v6{LYZ} harmonic has a weak dependence on Npart.
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Figure 7: Integrated v2{4}, v3{2}, v4{3}, v4{5} and v6{LYZ} as a function of centrality. The
error bars show the statistical uncertainties and the colored bands the systematic ones.

Figure 8 show vn/en as a function of Npart. The eccentricity scaling of vn measures how effi-
ciently the anisotropy in coordinate space, quantified by en, is transfered to momentum space,
measured by vn. We observe that the trends for v2/e2 and v3/e3 are reversed compared to those
of v2 and v3 shown in Fig. 7. This is due to the fact that the eccentricity increases more rapidly
with centrality than the vn signal for these harmonics: while v2 and v3 increase by a factor of ⇡
0.7 and 2.5, respectively, the corresponding eccentricities increase by factors of 7 and 4, as can
be inferred from Table 1. In comparison, the Npart dependence of v4/e4 and v6/e6 have similar
trends to the Npart dependence for v4 and v6, respectively. The v2{4} harmonic has a much
stronger dependence on en than the other 3 coefficients.

5.3 pT and Npart dependence of v4/[v2]2

We also explore the ratio v4/[v2]2, which is often used to study the degree to which the matter
formed is thermalized [25]. Figures 9 and 10 show the ratio v4/[v2]2 as a function of pT and
Npart, respectively. Figure 9 compares v4{3}/[v2{4}]2, v4{3}/[v2{2}]2 and v4{LYZ}/[v2{LYZ}]2.
One observes that the ratio is method dependent, with the Lee-Yang zeros values systematically
higher than the cumulant results by ⇠ 10–20% while the v4{3}/[v2{2}]2 values are the lowest.
The comparison between v4{3}/[v2{4}]2 and v4{3}/[v2{2}]2 enables an estimate of the influ-
ence of non-flow on the ratio. In Figure 10, these ratios are plotted as a function of Npart for 1.6
< pT < 2.4 GeV/c, where the ratios are the smallest. As Npart increases, the ratios first decrease,
then increase.
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Figure 15: Measured correlation function data compared with that reconstructed from v1,1 from two-
particle correlation and v2 − v6 measured from EP method for 0-1% centrality for several fixed-pT corre-
lations.
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Two particle azimuthal correlations can be  described efficiently with the 
first 6 vn coefficients and naturally explain the so called ridge and mach 
cone structure first observed at RHIC which were thought to be due to  
jet induced medium modifications 



Conclusions
• Anisotropic flow measurements provide strong constraints on 

the bulk properties of hot and dense matter produced at RHIC 
and LHC energies and have led to the new paradigm of the 
QGP as the so called perfect liquid 

• At the LHC we observe even stronger flow than at RHIC 
which is expected for almost perfect fluid behavior

• The first measurements of v3 and higher vn’s have recently been 
made at RHIC and at the LHC and indicate that these flow 
coefficients behave as expected from fluctuations of the initial 
spatial eccentricity (geometry!) and a created system which has 
a small η/s

• provide new strong experimental constraints on η/s and 
initial conditions
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Shear Viscosity
η/s = 0

η/s > 0

u1

u2

u3
u1 > u2 > u3 shear viscosity will make 

them equal and destroy the elliptic flow v2

higher harmonics represent smaller 
differences which get destroyed more 
easily, and which, if measurable, makes 

them more sensitive probes to η/s 



First Pb-Pb collisions!
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Angular Correlations 
at the LHC
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For very peripheral collisions or 
when triggered with a high-pt 
charged particle the dominant 
contribution to two particle 
angular correlations is due to 

jet-correlations
More central heavy ion collisions 

look very very different!
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v2 as function of pt

Elliptic flow as function of transverse momentum 
does not change much from RHIC to LHC 
energies, can we understand that?

K
. A

am
od

t e
t a

l. 
(A

LI
CE

 C
ol

la
bo

ra
tio

n)
 

PR
L 

10
5,

 2
52

30
2 

(2
01

0)

)c (GeV/
t

p
0 1 2 3 4 5

{4
}

2v

0.05

0.1

0.15

0.2

0.25

10-20%
20-30%
30-40%
10-20% (STAR)
20-30% (STAR)
30-40% (STAR)



34

v2 for identified particles
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v2 for identified particles

at small (mt-m0)/nq the 
scaling in the data resemble 
the scaling as observed in 
hydrodynamics

at large (mt-m0)/nq the quark 
scaling seems to work better
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v2, v3 and v4 at the LHC

The v3 with respect to the reaction plane determined in the ZDC and 
with the v2 participant plane is consistent with zero as expected if v3 is 
due to fluctuations of the initial eccentricity

centrality percentile
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2
2Ψ3/ v×100 

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
/s=0.08η Glauber 3v

/s=0.16η CGC 3vWe observe significant v3 which 
compared to v2 has a much 
weaker centrality dependence

The centrality dependence and 
magnitude are similar to 
predictions for MC Glauber 
with η/s=0.08 but above MC-
KLN CGC with η/s=0.16

ALICE Collaboration, arXiv:1105.3865, PRL 107, 032301 (2011)
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As at the LHC we observe at RHIC a significant v3 and v4 which 
compared to v2 have a much weaker centrality dependence

v2, v3 and v4 at RHIC
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The overall dependence of v2 and v3 is described
However there is no simultaneous description with a 
single η/s of v2 and v3 for Glauber initial conditions
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v2, v3, v4 and v5 at the LHC
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Triangular Flow
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The behavior of v3 as function of pt for pions, Kaons and protons shows 
the same features as we already observed for v2

(we observe the mass splitting and, in addition, the crossing of the pions 
with protons at intermediate pt, which for v2 was considered as a 
signature for coalescence/recombination)



40

Other Harmonics
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Other Harmonics
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65

We observe a doubly-peaked 
structure in the azimuthal correlation 
function opposite to the trigger 
particle

The red line shows the sum of the 
measured anisotropic flow Fourier 
coefficients. Those flow coefficients 
give a natural description of the 
observed  correlation structure (no 
need for Mach cones)
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